I. The metabolic status of rats after endto-side portacaval anastomosis and the extent to which this differs from sham-operated animals, both fed and pair-fed, was investigated.
Introduction
The diversion of portal venous blood away from the liver and into the systemic circulation may occur as a consequence of chronic liver disease or be surgically created for therapeutic or experimental purposes (Conn & Lindenmuth, 1969; Amman, Olsson & Schersten, 1976; Donovan & Covey, 1978; Sarna, Bradbury, Cremer, Lai & Teal, 1979) . It may be anticipated that the shunting of portal blood around the liver would result in abnormal levels of plasma glucose and insulin, as carbohydrate absorbed from the intestine and insulin from the pancreas is largely extracted by the liver before reaching the systemic circulation (Field, 1973) . Glucose and insulin responses to intravenous and oral glucose doses in shunted patients and animals have, however, been variable (Megyesi, Samols & Marks, 1967; Holdworth, Nye & King, 1972; Lickley, Chis-holm, Rabinowitch, Wexler & Dupre, 1975) . We have, therefore, re-examined basal glucose production and utilization in the rat with a chronically established portacaval anastomosis. Tracer techniques have been employed in order ,for the measurements to be made without inducing a glucose load.
In a study on rats with an end-to-side portacaval anastomosis, lipogenesis in vitro and in vivo was found to be markedly depressed and by contrast basal lipolysis in vitro was increased (Pector, Winand, Verbeustel, Hebbelinck & Christophe, 1978) . We also describe changes that occur, in vivo, to the turnover of free fatty acids and further characterize the metabolic status of male rats after portacaval anastomosis and the extent to which this differs from sham-operated animals exhibiting a similar body weight loss.
Materials and methods

Animals and surgical procedures
Male albino rats of Porton Wistar strain weighing between 220 and 350 g were used for the present investigation. The procedure for establishing an end-to-side portacaval anastomosis was essentially as previously described (Lee & Fisher, 1961) . Under ether anaesthesia rats were shaved and a mid-line incision made in the abdomen. The liver and intestine were retracted and the portal vein immobilized. Initial dissection of the inferior vena cava was accomplished by splitting the overlying posterior peritoneum, occluding with a curved clamp and making a longitudinal incision along the vessel. The portal vein was ligated, clamped and divided at the liver hilium. An upper stay suture was made between the portal vein and vena cava and the anastomosis completed by continuous suture (Ethicon, 7-0 silk). Once the anastomosis was complete the clamps were removed and any bleeding around the suture site was controlled by exerting slight pressure with sterilized cottonwool swabs. The abdomen was closed with continuous suture of 5-0 chronic cat-gut (Ethicon). At post mortem the patency of the anastomosis was assessed by injection of sodium chloride (150 mrnol/l: saline) in the portal vein and followed into the inferior vena cava.
Sham-operated rats were prepared as described above but without anastomosis. The portal vein and inferior vena cava were clamped for 10 min as this was the average time to complete the anastomosis procedure, On recovery certain sham-operated rats were allowed to feed ad libitum and these rats will be referred to as sham-operated fed controls. A feeding routine was adopted whereby groups of three shamoperated rats were fed daily the same amount of diet consumed by groups of three rats with a portacaval anastomosis fed ad libitum. These rats will be referred to as sham-operated pair-fed controls. When starved rats were used, diet was withdrawn at 10.00 hours on the day preceding the experiment.
A nimal maintenance
Rats were kept in wire-mesh-bottom cages to minimize copraphagy. They were allowed free access to water and the diet used was MRC 41 B. Daily diet consumption was monitored and rats were weighed at least once a week. Room temperature was regulated at 22°C.
Determination ofthe irreversible disposal rate for glucose
The procedure described by Heath & Corney (I973) was used with slight modification. For serial sampling of blood a cannula was inserted under ether anaesthesia into a jugular vein at least 3 days before the experiment. [6-3H1Glucose (The Radiochemical Centre, Amersham, Bucks., U. K.; 20 .uCi) in 0·2 ml of saline was injected into a tail vein and four blood samples were taken from each rat close to the optimal sampling time (Heath & Cunningham, 1975) . These times were 3. 15, 30 and 95 min for sham-operated fed control rats and 5, 25, 50 and 120 min for all other groups of animals.
The glucose specific radioactivity was determined as follows. Blood (200 , Ill) was deproteinized with 2·0 ml of perchloric acid (0·3 mmol/l) and the supernatant neutralized with potassium hydroxide by using methyl red as indicator. The neutralized supernatant was deionized by passage through a column containing acetate resin (6·25 ern AG l-X8: Bio-Rad Laboratories, Richmond, CA, U.S. A.) and washed with 15 ml of de-ionized water. The samples were evaporated to dryness at 40°C, reconstituted with 2 ml of water and duplicate samples taken for glucose assay ,and counting of radioactivity. Glucose was determined by the glucose hexokinase method (Boehringer Corp., London). I'C was counted in a Searle liquid-scintillation counter after mixing 0·5 ml of sample with 10 ml of Insta-gel (Packard Instrument Co. Inc.) . The omission of a final chromatographic purification of glucose leads to an overestimate of specific radioactivity at late time points as described by Heath & Rose (1977) . However, in comparative studies such as these the resulting systematic errors are probably negligible.
The clearance rate coefficient, k (rnl min-I 100 g-I), was assumed to remain constant during the experiment and calculated by using equation 4· 7 of Heath & Barton (1973) with M = 1. The irreversible disposal rate of plasma glucose was calculated as the product of k and the mean glucose concentration in each rat and is therefore a mean figure over the experimental period.
Determination of the irreversible disposal rate for free fatty acids
This method has been fully detailed by Cunningham (1973) . [I-l4C)Palmitic acid and 13l1_ labelled human serum albumin were obtained from The Radiochemical Centre, Amersham, Bucks., U.K. The albumin was first injected through donor rats as a screen for any component of the label that might be removed rapidly from the plasma (Dewey, 1959). Labelled albumin (25-50 .uCi in 0·2 ml of saline) was injected into a tail vein of donor rats on the day preceding the experiment and blood was collected by aortic cannulation under ether anaesthesia shortly before the experiment. Serum was separated and samples (5ml) were complexed with the potassium salt of [I-l4Clpalmitic acid (25 .uCi) essentially as described by Baker & Rostami (1969) . The doubly labelled serumpalmitic acid complex was passed through a glass-fibre filter (Whatman, G.F.A. 2·5 em) before use.
Rats received labelled serum (0·2 ml) containing 1 .uCi of [I-l 4Clpalmitic acid via a tail vein under ether anaesthesia. The syringe was weighed before and after use. Rats were decapitated at specific times after injection and 2 ml of blood was collected immediately for 5 s into a small amount of powdered heparin in polypropylene centrifuge tubes. Samples of blood were stored in ice for periods of up to 2 h until plasma was separated by centrifugation at 10 000 g for 20 min.
Samples (1 ml) were taken for extraction of free fatty acids and 131 1 was measured directly in the remaining plasma in a Panax Gamma 160 counter. Weighed samples of the labelled serum that had been used for injection were analysed concurrently for 131I. Free fatty acids were extracted into heptane from samples (1 ml) of plasma by the method of Dole & Meinertz (1960) as modified by Trout. Estes & Friedberg (1960) . '4C-labelled free fatty acids were determined in the extract after absorption and elution from an ion-exchange resin. Amberlite resin IRA-41O (BDH Chemicals) was hydroxylated and samples (1 ml) of the extract in heptane were shaken with 0·5 g of the treated resin for 30 min at room temperature in a scintillation vial. Heptane was removed by aspiration and the resin was washed four times with hexane (5 ml), dried in air and then incubated for 1 h at 37°C with 4 x 1 ml of Soluene-100 (Packard Instrument Co.), Scintillant (10 ml) was added to the Soluene extracts and 14C was counted in a Searle liquid-scintillation counter. Weighed samples (approx. 0·2 ml) of the labelled serum (for injection) were diluted with unlabelled serum (10 ml) and '4C-labelled free fatty acids and 131 1 were assayed as described above.
A ratio of ('4C/ 1311) plasma sample/('4C/ l3lI) injected serum was calculated for each plasma sample at various times after injection. This ratio (x 100) was equal to the percentage of the injected [I-l4Clpalmitic acid remaining in the plasma at the time of sampling, the rate of loss of l3l1-labelled albumin from the vascular system being negligible compared with that of free fatty acids (Dewey, 1959) . The labelled albumin was therefore used as an internal distribution marker for the complexed [I-l4Clpalmitic acid in the plasma of each individual rat.
The irreversible disposal rate coefficient (k l min-I) for free fatty acids in plasma is given by k, = D/A q , where D = initial dose of label (=100%) and A is the area under the radioactivity-time curve (Heath & Barton, 1973) . The irreversible rate is given by the product of the coefficient k, and the pool size CxV, where V is plasma volume and C is the concentration of free fatty acids in the plasma.
Chemical analysis ofplasma
Plasma glucose concentrations were determined by using a hexokinase method (Boehringer Corp., London). Samples of the extracts of plasma in heptane were assayed titrimetrically for free fatty acids by the method of Cunningham (1973). Plasma p-hydroxybutyrate was analysed by the method of Williamson, Mellanby & Krebs (1962) . Plasma insulin concentration was measured by double-antibody radioimmunoassay by using a kit method (The Radiochemical Centre, Arnersham, Bucks., U.K.) with human insulin as a standard. Values obtained in shamoperated control rats were comparable with those of Bloxam & Curzon (1978) by using rat insulin as a standard.
Statistical procedure
Values given are means ± SE. Data were analysed by analysis of variance.
Results
Behaviour,food consumption and weight changes ofrats
The general condition of control rats and rats with a portacaval anastomosis was good throughout the period of study. No detailed behavioural analysis of animals with a portacaval anastomosis was made but it was generally observed that these animals were more passive to handling than the control group of rats. The average daily diet consumption of rats with a portacaval anastomosis was approximately one-third that of shamoperated fed control rats fed during the first 4 weeks after shunt; after portacaval anastomosis 11·4 ± 2·2 g (n = 10); sham-operated fed controls 31· 6 ± 4·0 g (n = 10). Subsequently, rats with a portacaval anastomosis ate between half and twothirds of the control amounts.
Rats with a portacaval anastomosis consistently lost up to 30% of their pre-operative body weight during the first 3 weeks and shamoperated pair-fed animals showed the same body-weight loss over this period (Table 1) . After 3 weeks, shunted rats regained weight in parallel to the sham-operated fed control rats and attained their pre-operative weight after 8-14 weeks. The weights of sham-operated pair-fed rats consistently matched the weight of animals with a portacaval anastomosis throughout the period of study (Table 1) . To allow for the body weight changes induced by the shunting and pair-feeding procedures, liver weights are given relative to body weight. These ratios for sham-operated pair-fed rats were not significantly different from sham-operated fed control rats, whereas at all times after establishing the shunt they were significantly reduced as compared with the other groups (P < 0·01; Table 1) .
Glucose turnover and plasma insulin
The irreversible disposal rate of plasma glucose was measured, in vivo, after intravenous injection of [6-3H]glucose as described in the Materials and methods section.
Plasma glucose, insulin and the irreversible disposal rates for glucose were similarly and significantly reduced for animals with a portacaval anastomosis and sham-operated pair-fed animals as compared with sham-operated fed control animals (P < 0·01). The magnitude of these decreases was comparable with those values obtained by 24 h starvation of sham-operated fed control animals. No significant differences were found between rats 3 weeks after portacaval anastomosis and 3 week sham-operated pair-fed rats when further starved for 24 h.
Plasma free fatty acid turnover and p-hydroxybutyrate concentrations
The data summarizing free fatty acid disposition in the various groups of animals are shown in Table 2 . Values for sham-operated fed control rats were virtually identical with those of normal fed rats (Cunningham, 1973) . Data for 24 h fasted non-operated rats are given for com- 
glucose turnover and plasma insulin after portacaval anastomosis or sham-operation
Percentage change in body weight represents the percentage weight gain (+) or loss (-) from the initial weight determined at the time of surgery. The irreversible disposal rate for glucose was determined by using r6-3Hlglucose (see the Materials and methods section). Values are means ± SE (n > 4).
Change in
Liver wt. Irreversible disposal body wt. (g/100 g Plasma glucose rate of plasma glucose Plasma insulin (%) body wt.) (",mol/ml) (",mol min-I ml-') eu-units/mll
Sham-operated controls Fed controls 3 week +22·4 ± 3·\ 4·24 ± 0·10 7·23 ± 0-26 9-97 ± 1-24 57·5 ± 3·46 3 week +20-3 ± 2·8 4·35 ± 0·12 4-83 ± 0-33 6·81 ± 1·04 26-4 ± 5-37 + 24 h starvation Pair-fed controls 3 week -26·8 ± 4·2 3-98 ± 0-09 4-85 ± 0-33 5-05 ± 1·04 25·0 ± 4-89 3 week -27·5 ± 3-I 3-75 ± 0-10 4·16 ± 0·36 6·81±!·04 + 24 h starvation 24 week +36·8 ± 4·3 3·98±0·17 5·65 ± 0·36 6·64 ± 1·80
After portacaval anastomosis 3 week -28-2 ± 3· I 1-73 ± 0·09 4-26 ± 0-31 5·45 ± 1·24
27-9 ± 3-62 3 week -27·9 ± 4·3
1·09±0-1O 3·38 ± 0·33 5·18 ± 1·04 +24 h starvation 24 week +32-3 ± 2·8 1·88 ± 0·14 4·35 ± 0·36 6-68 ± 0·90 18·7 ± 6-00 parative purposes. Plasma free fatty acid concentrations were significantly elevated in rats 3 weeks after portacaval anastomosis as compared with both fed and pair-fed sham-operated animals (P < 0·01) and did not change on further acute 24 h starvation. As the apparent plasma volumes were similar in all groups of animals the pool size of free fatty acids (CxV) was significantly increased only in shunted animals (P < 0·0 I). The clearance of free fatty acids as indicated by the irreversible disposal rate coefficient (k t ) was significantly decreased in shunted animals as compared with both fed and pair-fed rats (P < 0·01). The values of k t for animals with a portacaval anastomosis were lower than those obtained after 24 h starvation of non-operated rats. The irreversible disposal rates (Cxk t ) for plasma free fatty acids were similar in shamoperated fed and pair-fed animals and animals with a portacaval anastomosis. Plasma fJ-hydroxybutyrate levels were similar in 3 week sham-operated fed control rats and in animals 3 weeks after portacaval anastomosis (Table 2) . Pair-fed values were three to four times greater than sham-operated fed control values and those obtained for rats after portacaval anastomosis and increased further after a period of 24 h fasting. Values obtained for rats 3 weeks after portacaval anastomosis increased only marginally after 24 h starvation and were significantly lower than pair-fed and 24 h fasted non-operated animal values (P < 0·01).
Discussion
Loss of body weight and liver atrophy in excess of the reduction in total body mass are the most consistently reported changes that occur after portacaval anastomosis (Lee & Fisher, 1961; Hertz, Sautter, Robert & Bircher, 1972; Lee, Chandler, Broelsch, Flamant & Orloff, 1974) . The similar reduction in body weights in rats with a portacaval anastomosis and sham-operated pairfed rats emphasized the importance of reduced diet consumption in inducing weight loss at early stages after establishing the shunt (Masland, 1964; Assai, Levrat, Cahn & Renold, 1971) . Despite the marked loss in liver mass in shunted animals, the capacity of these rats with a portacaval anastomosis to produce and utilize glucose was similar to fasted animals although reduced as compared with fed animals. The finding that both glucose turnover in the whole animal and plasma insulin levels were similar to chronically underfed rats demonstrated the necessity of having suitable matched control animals. The reason for the sustained underfeeding by rats with a portacaval anastomosis is uncertain. The amount of insulin in the blood in the basal or unstimulated state is positively correlated with body weight (Woods & Porte, 1976) and in the present study low insulin levels were associated with decreased body weight due either to sustained underfeeding or portacaval anastomosis. Also, as the liver is the first organ
TABLE 2. Freefatty acid turnover and plasma P-hydroxybutyrate after portacaval anastomosis or sham-operation
The values are derived as described in the Materials and methods section. The pool size was calculated from the dilution of injected 131I-labelled albumin in plasma and from the concentration of free fatty acids determined in samples of plasma from each individual rat. The irreversible disposal rate for free fatty acids was determined by using rl-14C]palmitate. 3·99 ± 0·08 1·29±0·12 2·26 ± 0·09 2·92 ± 0·20 0·26 ± 0·05 Pair-fed controls 3 week 0·36 ± 0·05 3·55 ± 0·10 ]·26±0·14 1·96 ± 0·15 2·47 ±0·25 0·94 ± 0·06 3 week 1·77 ± 0·08 +24 h starvation After portacaval anastomosis 3 week 0·80 ± 0·04 3·71±0·1O 2·95 ± 0·13 1·20±0·08 3·54 ± 0·43 0·17 ± 0·06 3 week 0·90 ± 0·10 0·49 ± 0·06 +24 h starvation Non-operated 24 h starved controls" 0·98 ± 0·03 4·29 ± 0·13 4·14±0·13 !·54±0·15 6·33 ± 0·28 1·48 ± 0·06 through which the glucose flows after intestinal absorption it may play an important role in the regulation of the amount of diet consumed and hence body weight (Russek, 1970; Novin, Sanderson & Vanderweele, 1974 (Holdworth et al.• 1972; Johnston, Alberti, Faber, Binder & Wright, 1977; Bloxam & Curzon, 1978; Rossouw, Labadarios, Vinik & De Villiers, 1978) . A more recent report suggests that the reason for the variation may be related to the relative severity of parenchymal liver damage in patients with a portal-systemic shunt (Smith-Laing, Sherlock & Faber, 1979) . Hence, portal-systemic shunting of blood in the presence of a normal liver does not influence hepatic insulin metabolism and hyperinsulinaemia is a feature of parenchymal liver damage.
Variations between different laboratories in constructing the shunt in animals and the resulting liver dysfunction may explain the differing results obtained for plasma insulin. In contrast to the results obtained for glucose and insulin there were significant differences between the groups with respect to plasma free fatty acid concentrations and turnover. Raised levels of plasma free fatty acids have been noted in a variety of liver disorders (Stormont & Mackie, 1959; Gunnlangsson & Berkowitz, 1977) and in the present work plasma free fatty acid concentrations in rats with a portacaval anastomosis were high and similar to those in non-operated starved control rats. This high concentration in rats with portacaval anastomosis was, however, associated with a relatively low clearance such that the estimated irreversible disposal rate of free fatty acids was much closer to the low rate found in fed and pair-fed controls. Furthermore it is possible by using the present technique that the observed irreversible disposal rate underestimates whole-body free fatty acid turnover to a greater extent in control rats than in shunted rats. Free fatty acids deriving from the splanchnic bed and taken up by the liver in control rats may not mix completely with the pool of free fatty acid into which label was injected intravenously and from which samples were taken. Such an underestimation will not occur in rats with a portacaval anastomosis when splanchnic free fatty acids pass directly into the sampled pool. In steady-state conditions the irreversible disposal rate of plasma free fatty acids may be equated with their net production and release into plasma. The present results therefore indicate that the overall free fatty acid production and utilization in rats with portacaval anastomosis is similar to that of fed control rats, despite high plasma concentrations. Pector et al. (1978) have. however, reported increased lipolysis in adipose tissue obtained from rats 3 weeks after portacaval anastomosis when compared with that from sham-operated and pair-fed controls. We are unable to account for this discrepancy and attribute the increase in plasma free fatty acid concentration to decreased clearance. A contribution to decreased clearance is likely to be reduced liver uptake of fatty acids after the reduction in liver blood flow in shunted rats (Ossenberg, Denis & Benhamou, 1974) .
Acute and prolonged starvation is associated with a decreased blood glucose concentration, increased plasma free fatty acid concentration and ketosis (Unger & Orci, 1976; McGarry & Foster, 1977; Parrilla, 1978) . Starvation (24 h) of non-operated animals reported here resulted in a 3-fold increase in plasma free fatty acid concentration and a 5-6-fold increase in plasma {i-hydroxybutyrate as compared with normal fed values. However, sustained underfeeding in the sham-operated pair-fed controls did not increase free acid concentration and turnover above sham-operated controls fed ad libitum, but there was an increase in plasma {i-hydroxybutyrate concentration. It may be presumed, but has not yet been shown, that this increase in concentration reflects increased production and utilization of ketone bodies in these rats. The failure to observe correspondingly high plasma {i-hydroxybutyrate concentrations in rats with portacaval anastomosis and the relatively small increase on further acute 24 h starvation may reflect several factors, including reduced liver mass and ketogenic capacity, a reduction in the clearance of free fatty acids by the liver as suggested above or changes in the liver resulting from the switch from a mixed blood supply to a single arterial supply. Thus the rat with an end-to-side portacaval anastomosis may be characterized to be in a metabolic state equivalent to a chronically underfed animal in terms of reduced glucose turnover, depleted liver glycogen (Rossouw et al., 1978) , raised glucagon to insulin ratios (Bloxam & Curzon, 1978) , but differs in respect to fatty acid and ketone body metabolism.
A number of studies both in man and animals have shown that during prolonged starvation there is a shift in brain substrate utilization from primarily glucose to ketones (Owen, Morgan, Kemp, Sullivan, Herrera & Cahill, 1967; Cahill, Owen & Morgan, 1968) . Portal-systemic shunting has been used in animals to elucidate the mechanisms underlying the development of hepatic encephalopathy (Curzon, Kantarnaneni, Fernando, Woods & Cavanagh, 1975; James, Ziparo, Jeppsson & Fisher, 1979) . The diminished production of ketone bodies, and hence supply to the brain of shunted animals in the presence of hypoglycaernia, may be an important determinant in the pathogenesis of hepatic coma.
